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SELF ALIGNED METHOD OF FORMING A SEMICONDUCTOR MEMORY ARRAY 
OF FLOATING GATE MEMORY CELLS WITH HORIZONTALLY ORIENTED 
EDGES, AND A MEMORY ARRAY MADE THEREBY 

5 This application claims the benefit of U.S. Provisional Application No. 60/343,634, filed 

December 27, 2001, and entitled A Super Self-Aligned Flash E2PROM With Vertical Word- 
Line Transistor For Program and Horizontal-Oriented Floating-Gate Tips For Erase, and of U.S. 
Provisional Application No. 60/355,363, filed February 6, 2002, and entitled A Super Self- 
Aligned Flash E2PROM With Vertical Word-Line Transistor For Program and Horizontal- 

10 Oriented Floating-Gate Tips For Erase - SAC Option and Metal Source-Line Option. 

TECHNICAL FIELD 

The present invention relates to a self-aligned method of forming a semiconductor 
memory array of floating gate memory cells. The present invention also relates to a 
15 semiconductor memory array of floating gate memory cells of the foregoing type. 

BACKGROUND OF THE INVENTION 

Non- volatile semiconductor memory cells using a floating gate to store charges thereon 
and memory arrays of such non-volatile memory cells formed in a semiconductor substrate are 

20 well known in the art. Typically, such floating gate memory cells have been of the split gate 
type, or stacked gate type. 

One of the problems facing the manufacturability of semiconductor floating gate memory 
cell arrays has been the alignment of the various components such as source, drain, control gate, 
and floating gate. As the design rule of integration of semiconductor processing decreases, 

25 reducing the smallest lithographic feature, the need for precise alignment becomes more critical. 
Alignment of various parts also determines the yield of the manufacturing of the semiconductor 
products. 

Self-alignment is well known in the art. Self-alignment refers to the act of processing 
one or more steps involving one or more materials such that the features are automatically 
30 aligned with respect to one another in that step processing. Accordingly, the present invention 
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uses the technique of self-alignment to achieve the manufacturing of a semiconductor memory 
array of the floating gate memory cell type. 

There is a constant need to shrink the size of the memory cell arrays in order to maximize 
the number of memory cells on a single wafer. It is well known that forming memory cells in 
5 pairs, with each pair sharing a single source region, and with adjacent pairs of cells sharing a 
common drain region, reduces the size of the memory cell array. However, a large area of the 
array is typically reserved for the bit-line connection to the drain regions. The bit-line area is 
often occupied by the contact openings between memory cell pairs, and the contact to wordline 
spacing (which strongly depends upon lithography generation), contact alignment and contact 

10 integrity. In addition, significant space is reserved for the word-line transistor, the size of which 
is set by lithography generation and junction scaling. 

Another aspect addressed by the present invention involves the erase performance of the 
memory cell. Fig. 1 illustrates a well known non- volatile memory cell design, which includes a 
floating gate 1 disposed over and insulated from a semiconductor substrate 2 having source and 

1 5 drain regions 3/4. A control gate 5 has a first portion that is disposed laterally adjacent to the 
floating gate 1, and a second portion that is disposed vertically over and overlapping the floating 
gate 1 . The floating gate 1 includes a relatively sharp edge 6 that extends upwardly toward the 
control gate second portion. The edge 6 extending toward the overlapping portion of the control 
gate 5 enhances Fowler-Nordheim tunneling used to erase the memory cell. As the cell size is 

20 scaled down, at least some of the overlap between control gate 5 and floating gate 1 must be 

maintained so that the upwardly oriented pointed edges can be used for the erase function. This 
cell architecture imposes a scaling limit on the erase coupling ratio due to the finite overlap 
capacitance between the control gate 5 and the floating gate 1 . 

There is a need for a non-volatile, floating gate type memory cell array with significant 

25 cell size reduction without adversely compromising the erase coupling ratio of the memory cell. 

SUMMARY OF THE INVENTION 

The present invention solves the above mentioned problems by providing a self aligned 
method of forming memory cells with reduced size, by minimizing the space needed for the bit- 
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line connection and word-line transistor and eliminating the need for a vertical overlap between 
the control gate and floating gate, and a memory cell array formed thereby. 

The present invention is an electrically programmable and erasable memory device that 
includes a substrate of semiconductor material of a first conductivity type, first and second 

5 spaced-apart regions formed in the substrate and having a second conductivity type with a 
channel region of the substrate defined therebetween, an electrically conductive floating gate 
disposed over and insulated from at least a portion of the channel region, wherein the floating 
gate includes a horizontally oriented edge extending from a lateral side of the floating gate, and 
an electrically conductive control gate having at least a portion thereof disposed laterally 

10 adjacent to and insulated from the horizontally oriented edge. 

In another aspect of the present invention, and array of electrically programmable and 
erasable memory devices includes a substrate of semiconductor material of a first conductivity 
type, and spaced apart isolation regions formed on the substrate which are generally parallel to 
one another and extend in a first direction, with an active region between each pair of adjacent 

1 5 isolation regions. Each of the active regions includes a plurality of memory cells, where each of 
the memory cells includes first and second spaced-apart regions formed in the substrate having a 
second conductivity type with a channel region of the substrate defined therebetween, an 
electrically conductive floating gate disposed over and insulated from at least a portion of the 
channel region wherein the floating gate includes a horizontally oriented edge extending from a 

20 lateral side of the floating gate, and an electrically conductive control gate having at least a 

portion thereof disposed laterally adjacent to and insulated from the horizontally oriented edge. 

In yet another aspect of the present invention, a method of forming a semiconductor 
memory cell includes the steps of forming first and second spaced apart regions in a 
semiconductor substrate having a conductivity type different from that of the substrate, wherein a 

25 channel region of the substrate is defined between the first and second regions, forming a 
floating gate of electrically conductive material disposed over and insulated from at least a 
portion of the channel region, wherein the floating gate includes a horizontally oriented edge 
extending from a lateral side of the floating gate, and forming a control gate of electrically 
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conductive material having at least a portion thereof disposed laterally adjacent to and insulated 
from the horizontally oriented edge. 

In still yet another aspect of the present invention, a method of forming an array of 
semiconductor memory cells includes the steps of forming spaced apart isolation regions on the 

5 substrate having a first conductivity type which are generally parallel to one another and extend 
in a first direction, with an active region between each pair of adjacent isolation regions, forming 
a plurality of spaced apart first and second regions in the semiconductor substrate having a 
second conductivity type, wherein a plurality of channel regions in the active regions of the 
substrate are defined each extending between one of the first regions and one of the second 

1 0 regions, forming a plurality of floating gates of electrically conductive material each disposed 
over and insulated from at least a portion of one of the channel regions, wherein each of the 
floating gates includes a horizontally oriented edge extending from a lateral side of the floating 
gate, and forming a plurality of electrically conductive control gates each having at least a 
portion thereof disposed laterally adjacent to and insulated from one of the horizontally oriented 

15 edges. 

In even another aspect of present invention, a method of operating an electrically 
programmable and erasable memory device having an electrically conductive floating gate 
disposed over and insulated from a substrate of semiconductor material, and an electrically 
conductive control gate having at least a portion thereof disposed laterally adjacent to the 

20 floating gate and insulated therefrom by an insulating material, includes the step of placing a 

voltage on the control gate that is sufficiently positive relative to a voltage of the floating gate to 
induce electrons on the floating gate to laterally tunnel from a horizontally oriented edge 
extending from a lateral side of the floating gate, through the insulating material, and onto the 
control gate via Fowler-Nordheim tunneling. 

25 And in one more aspect of the present invention, a method of operating an electrically 

programmable and erasable non-volatile memory cell having a first and a second state, and 
including an electrically conductive floating gate disposed over and insulated from a substrate of 
semiconductor material, and an electrically conductive control gate having at least a portion 
thereof disposed laterally adjacent to the floating gate, includes the steps of establishing a first 
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state of the memory cell by injecting electrons from a drain region of the substrate onto the 
floating gate, wherein the source region is disposed below a surface of the substrate and the 
injected electrons travel through the substrate in a direction generally perpendicular to the 
surface of the substrate, and establishing a second state of the memory cell by removing 
5 electrons from the floating gate to the control gate via Fowler-Nordheim tunneling through an 
insulating material disposed therebetween, wherein the removed electrons tunnel from a 
horizontally oriented edge extending from a lateral side of the floating gate, through the 
insulating material, and onto the control gate in a direction generally parallel to the surface of the 
substrate. 

10 Other objects and features of the present invention will become apparent by a review of 

the specification, claims and appended figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a side cross-sectional view showing a conventional split-gate non-volatile 
15 memory cell. 

FIG. 2A is a top view of a semiconductor substrate used in the first step of the method of 
present invention to form isolation regions. 

FIG. 2B is a cross sectional view of the structure taken along the line 1-1 showing the 
initial processing steps of the present invention. 
20 FIG. 2C is a top view of the structure showing the next step in the processing of the 

structure of Fig. 2B, in which isolation regions are formed. 

FIG. 2D is a cross sectional view of the structure in Fig. 2C taken along the line 1-1 
showing the isolation stripes formed in the structure. 

FIG. 2E is a cross sectional view of the structure in Fig. 2C taken along the line 1-1 
25 showing the two types of isolation regions that can be formed in the semiconductor substrate: 
LOCOS or shallow trench. 

FIGs. 3A-3U are cross sectional views taken along the line 2-2 of Fig. 2C showing in 
sequence the next step(s) in the processing of the structure shown in Fig. 2C, in the formation of 
a non volatile memory array of floating memory cells according to the present invention. 
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FIGs. 4A-4G are cross sectional views of a semiconductor structure showing in sequence 
the steps in a first alternate processing of the semiconductor structure of Fig. 30 in the formation 
of a non volatile memory array of floating memory cells of the present invention. 

FIGs. 5 A-5I are cross sectional views of a semiconductor structure showing in sequence 
5 the steps in a second alternate processing of the semiconductor structure of Fig. 3M in the 
formation of a non volatile memory array of floating memory cells of the present invention. 

FIGs. 6A-6J are cross sectional views of a semiconductor structure showing in sequence 
the steps in a third alternate processing of the semiconductor structure of Fig. 3M in the 
formation of a non volatile memory array of floating memory cells of the present invention. 
10 FIGs. 7A-7Z are cross sectional views of a semiconductor structure showing in sequence 

the steps in a fourth alternate processing of the semiconductor structure of Fig. 3C in the 
formation of a non volatile memory array of floating memory cells of the present invention. 

FIGs. 8A-8W are cross sectional views of a semiconductor structure showing in sequence 
the steps in a fifth alternate processing of the semiconductor structure of Fig. 7F in the formation 
15 of a non volatile memory array of floating memory cells of the present invention. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention is a method of forming columns of non- volatile memory cells in 
active regions that are separated by isolations regions, and an array of memory cells formed 
20 thereby. The memory cells utilize a unique memory cell design that allows significant cell size 
reduction without adversely compromising the erase coupling ratio of the memory cell. 

Isolation Region Formation 

Referring to Fig. 2 A there is shown a top plan view of a semiconductor substrate 10 (or a 
25 semiconductor well), which is preferably of P type and is well known in the art. A layer of 
insulating material 12, such as silicon dioxide (hereinafter "oxide"), is deposited thereon as 
shown in Fig. 2B. The insulating layer 12 is formed on the substrate 10 by well known 
techniques such as oxidation or deposition (e.g. chemical vapor deposition or CVD), forming a 
layer of oxide preferably 80 A thick. A layer of polysilicon 14 (hereinafter "poly") is deposited 
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on top of the layer of insulating material 12 (e.g. 200 to 700 A thick). The deposition and 
formation of the polysilicon layer 14 on the insulating layer 12 can be made by a well known 
process such as Low Pressure CVD or LPCVD. This poly layer 14 can be doped by ion 
implantation or in-Situ doped. A silicon nitride layer 18 (hereinafter "nitride") is deposited over 

5 the polysilicon layer 14, preferably by CVD (e.g. 500-1000 A thick). This nitride layer 1 8 is 
used to define the active regions during isolation formation. Of course, all of the forgoing 
described parameters and the parameters described hereinafter, depend upon the design rules and 
the process technology generation. What is described herein is for a 0.13 micron process. 
However, it will be understood by those skilled in the art that the present invention is not limited 

10 to any specific process technology generation, nor to any specific value in any of the process 
parameters described hereinafter. 

Once the insulating layer 12, the polysilicon layer 14, and the silicon nitride 18 have been 
formed, suitable photo-resistant material 19 is applied on the silicon nitride layer 18 and a 
masking step is performed to selectively remove the photo-resistant material from certain regions 

15 (stripes 16). Where the photo-resist material 19 is removed, the silicon nitride 18, the polysilicon 
14 and the underlying insulating material 12 are etched away in stripes 16 formed in the Y or 
column direction, as shown in Fig. 2C, using standard etching techniques (i.e. anisotropic etch 
processes). The distance W between adjacent stripes 16 can be as small as the smallest 
lithographic feature of the process used. Where the photo resist 19 is not removed, the silicon 

20 nitride 1 8, the polysilicon region 14 and the underlying insulating region 12 are maintained. The 
resulting structure is illustrated in Fig. 2D, with active regions 17 interlaced with isolation 
regions 16. As will be described, there are two embodiments in the formation of the isolation 
regions: LOCOS and STI. In the STI embodiment, the etching continues into the substrate 10 to 
a predetermined depth. 

25 The structure is further processed to remove the remaining photo resist 19. Then, an 

isolation material 20a or 20b, such as silicon dioxide, is formed in the regions or "grooves" 16. 
The nitride layer 18 is then selectively removed to form the structure shown in Fig. 2E. The 
isolation can be formed via the well known LOCOS process resulting in the local field oxide 20a 
(e.g. by oxidizing the exposed substrate), or it can be formed via a shallow trench process (STI) 
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resulting in silicon-dioxide being formed in the region 20b (e.g. by depositing an oxide layer, 
followed by a Chemical-Mechanical-Polishing (CMP) etch). It should be noted that during the 
LOCOS formation, a spacer may be necessary to protect the side walls of poly layer 14 during 
the formation of the local field oxide. 
5 The remaining polysilicon layer 14 and the underlying insulating material 12 form the 

active regions. Thus, at this point, the substrate 10 has alternating stripes of active regions and 
isolation regions with the isolation regions being formed of either LOCOS insulating material 
20a or shallow trench insulating material 20b. Although Fig. 2E shows the formation of both a 
LOCOS region 20a and a shallow trench region 20b, only one of the LOCOS process (20a) or 

10 the shallow trench process (20b) will be used. In the preferred embodiment, the shallow trench 
of insulating material 20b will be formed, because it can be more precisely formed at smaller 
design rules. The structure in Fig. 2E represents a self aligned structure, which is more compact 
than a structure formed by a non self-aligned method. 

A non self-aligned method of forming the structure shown in Figure 2E, which is well 

15 known and is conventional, is as follows. Regions of isolation 20 are first formed in the 
substrate 10. This can be done by depositing a layer of silicon nitride on the substrate 10, 
depositing photo-resist, patterning the silicon nitride using a first masking step to expose 
selective portions of the substrate 10, and then oxidizing the exposed substrate 10 using either 
the LOCOS process or the STI process where silicon trench formation and trench fill are 

20 involved. Thereafter, the silicon nitride is removed, and the layer of silicon dioxide 12 (to form 
the gate oxide) is deposited over the substrate 10. The layer of polysilicon 14 is deposited over 
the gate oxide 12. The layer of polysilicon 14 is then patterned using a second masking step and 
selective portions removed. Thus, the polysilicon 14 is not self aligned with the regions of 
isolation 20, and a second masking step is required. Further, the additional masking step requires 

25 that the dimensions of the polysilicon 14 have an alignment tolerance with respect to the regions 
of isolation 20. It should be noted that the non self-aligned method does not utilize nitride layer 
1 8. The memory array of the present invention can be made by either the self-aligned process or 
the non self-aligned process. 
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Memory Array Formation 

With the structure shown in Fig. 2E made using either the self aligned method or the non 
self-aligned method, the structure is further processed as follows. Figures 3A to 3U show the 
cross section of the active region structure 17 from a view orthogonal to that of Figs. 2B and 2E, 
.5 as the next steps in the process of the present invention are performed. It should be appreciated 
that while only a small segment of active region 17 is shown, the processing steps illustrated 
below form an array of such regions. 

An insulating layer 22 is first formed on the structure. Specifically, an oxide layer 22 is 
formed over poly layer 14 (e.g. 100 to 200 A thick). A thick poly layer 24 is then formed over 
10 the oxide layer 22 (e.g. -3000 A thick). The resulting active region structure is shown in Fig. 
3A. 

A conventional photo-lithography (masking) scheme is next used to form semi-recessed 
first trenches 26 in the structure in the following manner. A suitable photo-resistant material is 
applied on the poly layer 24 and a masking step is performed to selectively remove the photo- 

1 5 resistant material from selected parallel stripe regions (under which the first trenches 26 will be 
formed). Where the photo-resist material is removed, the exposed polysilicon 24 is removed 
using a standard poly etch process (e.g. anisotropic poly etch using oxide layer 22 as an etch 
stop), leaving blocks of polysilicon 28 with first trenches 26 formed therebetween. The width of 
poly blocks 28 can be as small as the smallest lithographic feature of the process used. The 

20 remaining photo resist is removed, resulting in the structure illustrated in Fig. 3B. 

A nitride deposition step is used to form a nitride layer 30 (e.g. 300 to 500 A thick) over 
the structure, as illustrated in Fig. 3C. A thick oxide layer 32 (e.g. 2500 A thick) is then 
deposited over nitride layer 30, as illustrated in Fig. 3D. A planarization etch process follows 
(e.g. Chemical-Mechanical-Polishing (CMP) etch), which etches the thick oxide layer 32 down 

25 even with the tops of poly blocks 28 (using poly blocks 28 as the polishing stopper). The CMP 
etch also removes the portions of nitride layer 30 over poly blocks 28. The resulting structure is 
shown in Fig. 3E. 

A poly etch process is used to remove poly blocks 28 (using oxide layer 22 as an etch 
stop) to form second trenches 34. A controlled oxide etch is used to remove the portions of 
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oxide layer 22 exposed at the bottoms of second trenches 34 (using poly layer 14 as an etch 
stop). This oxide etch also consumes some of thick oxide layer 32. Another poly etch process is 
performed to remove portions of poly layer 14 exposed at the bottoms of the second trenches 34 
(using oxide layer 12 as an etch stop). The resulting structure is shown in Fig. 3F. 

5 An oxide sidewall layer 36 is formed on the exposed ends of poly layer 14 at trenches 34 

using a thermal oxidation process. Suitable ion implantation is then made across the entire 
surface of the structure. Where the ions have sufficient energy to penetrate exposed portions of 
oxide layer 12 in each second trench 34, they then form first regions (source regions) 38 in the 
substrate 10 having a conductivity type (e.g. N type) that is different from that of the surrounding 

10 substrate (e.g. P type). In all other regions, the ions are absorbed by the underlying structure, 
where they have no effect. The implanted source regions 38 are self aligned to the second 
trenches 34. Sidewall spacers 40 are then formed against the walls of the second trenches 34. 
Formation of spacers is well known in the art, and involves the deposition of a material over the 
contour of a structure, followed by an anisotropic etch process, whereby the material is removed 

1 5 from horizontal surfaces of the structure, while the material remains largely intact on vertically 
oriented surfaces of the structure. Spacers 40 can be formed of any dielectric material with good 
etch selectivity to nitride layer 30 and to substrate silicon 10. In the preferred embodiment, 
insulating spacers 40 are formed of oxide by depositing a thin layer of oxide (e.g. 200 A) over 
the entire structure, followed by an anisotropic etch process, such as the well known Reactive 

20 Ion Etch (RIE dry etch), to remove the deposited oxide layer except for spacers 40. This oxide 
etch process also removes the exposed portions of oxide layer 12 at the bottom of second 
trenches 34 to expose the substrate 10, as well as some of oxide layer 32. The resulting structure 
is shown in Fig. 3G. 

The second trenches are filled with poly blocks 42, preferably in the following manner. 
25 A thick layer of poly silicon is deposited over the structure. A planarization process (i.e. CMP) 
is used to remove the deposited poly silicon except for poly blocks 42 in second trenches 34. An 
optional poly etch may be performed to slightly recess the upper surfaces of poly blocks 34 
relative to nitride layer 30 and oxide layer 32, to address any topography issues, if present, that 
can unintentionally short poly blocks 42 to one another. The poly blocks 42 run across the array 
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columns (along line 1-1 in Fig. 2C) and are in direct electrical contact with source regions 38 of 
substrate 10. The resulting structure is shown in Fig. 3H. 

An oxide etch is used to remove oxide layer 32, leaving semi-recessed third trenches 44 
disposed between poly blocks 42. An oxide layer 43 is then formed over the structure (e.g. 200- 

5 300 A) by conventional techniques (e.g. LPCVD). The resulting structure is illustrated in Fig. 
31. Nitride spacers 46 are formed against the sidewalls of third trenches 44 by depositing a thick 
layer of nitride (e.g. 2000 A), followed by an anisotropic nitride (RIE dry) etch to remove the 
deposited nitride except for spacers 46 (e.g. spacers having a width of -1500 A). The resulting 
structure is shown in Fig. 3J. 

10 An oxide etch is next used to remove the exposed portions of oxide layer 43 (i.e. those 

portions not protected by spacers 46). The structure is then subjected to a thermal oxidation 
process, which forms an oxide layer 48 over poly blocks 42. Oxide layer 48 is self aligned to the 
poly blocks 42 (with a thickness, for example, of -600 A). During the thermal cycle of this 
oxidation process, the source regions 38 are driven deeper into the substrate. The resulting 

1 5 structure is shown in Fig. 3K. 

An anisotropic (dry) nitride etch is used to remove the portions of nitride layer 30 that are 
exposed in third trenches (between nitride spacers 46), using oxide layer 22 as an etch stop. This 
nitride etch also removes some of the exposed portions of nitride layer 30 adjacent poly blocks 
42 and spacers 46. An anisotropic oxide etch follows to remove the portions of oxide layer 22 

20 that are exposed in third trenches 44 (between nitride spacers 46), using poly layer 14 as an etch 
stop. This oxide etch also slightly consumes small portions of oxide layer 48. The resulting 
structure is shown in Fig. 3L. 

An anisotropic (dry) poly etch is next performed to remove the portions of poly layer 14 
that are exposed in third trenches (between nitride spacers 46), using oxide layer 12 as an etch 

25 stop. An anisotropic (dry) oxide etch follows, which removes the portions of oxide layer 12 that 
are exposed in third trenches (between nitride spacers 46), which exposes the substrate 10 at the 
bottom of third trenches 44. This oxide etch also slightly consumes small portions of oxide layer 
48. The resulting structure is shown in Fig. 3M. 
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Next, with the silicon substrate 10 left exposed at the bottom of third trenches 44, a 
silicon etch process is performed to extend third trenches 44 down into substrate 10 (e.g. to a 
depth of 500 A to 1 500 A below the substrate surface). Then, an oxide etch is used to remove 
oxide layer 48, and to etch the top of isolation oxide 20a or 20b (shown in Fig. 2E) down to a 

5 level generally equal to the bottom of trenches 44. Thus, third trenches 44 are continuously 
formed and extend across the active and isolation regions 17/16. Suitable ion implantation is 
once again made across the entire surface of the structure. The ion implantation forms second 
regions 50 (buried bit-line drain regions) in the active regions of substrate 10 underneath third 
trenches 44. The ion implant also has the effect of doping (or further doping) the exposed poly 

1 0 blocks 42. Outside of third trenches 44, and except for poly blocks 42, the ions are blocked and 
have no effect. The resulting structure is shown in Fig. 3N. The second regions 50 are not 
formed under the portions of third trenches that are in the isolation regions, because the ions are 
blocked by the isolation oxide 20a or 20b. 

An oxidation process is then performed, which oxidizes the exposed silicon surfaces of 

1 5 third trenches 44 to form a thin layer of oxide 52 lining these silicon surfaces. This oxidation 
process also oxidizes the exposed lateral sides 14a of poly layer 14 that form part of the 
sidewalls of upper portions of third trenches 44, which results in horizontally oriented edges 54 
each of which points directly toward one of the sidewalls of third trenches 44, as illustrated in 
Fig. 30. Edges 54 can be elongated edges (i.e. like the sharp edge of a razor blade), or shorter 

20 edges (i.e. like the tip of a pencil). This oxidation process also re-grows the oxide layer 48 over 
poly blocks 42. 

The formation of poly spacers 56 along sidewalls of third trenches 44 follows, which is 
done by first depositing a poly layer over the structure (e.g. 2000 A thick). A dry anisotropic dry 
etch process is then used to remove the deposited poly layer, except for poly spacers 56 left 
25 along the sidewalls of third trenches 44. The resulting structure is shown in Fig. 3P. 

A nitride etch process is then used to remove nitride spacers 46. An oxide etch follows to 
remove oxide layers 48 and 43, and the exposed portions of oxide layer 52 at the bottom of third 
trenches 44 (in-between poly spacers 56), as shown in Fig. 3Q. A nitride etch process follows 
(e.g. in hot phosphoric acid), which removes nitride layer 30, as shown in Fig. 3R. Insulating 
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spacers 58 (preferably oxide) are formed along the bottoms of the third trench sidewalls by 
depositing a layer of oxide over the structure (e.g. 500 to 1200 A thick), followed by an oxide 
etch (e.g. RIE). This oxide deposition and etch process also forms oxide spacers 60 adjacent 
poly spacers 56 (over poly edges 54), and oxide spacers 62 adjacent oxide spacers 40. The 
5 resulting structure is shown in Fig. 3S. 

A metal deposition step is then performed, to deposit a metal such as tungsten, cobalt, 
titanium, nickel, platinum, or molybdenum over the structure. The structure is then annealed, 
permitting the hot metal to flow and to seep into the exposed portions of the substrate 10 at the 
bottom of third trenches 44 to form a conductive layer of metalized silicon 64 (silicide) between 

10 oxide spacers 58. Metalized silicon regions 64 on substrate 10 can be called self aligned silicide 
(i.e. salicide), because they are self aligned to the second regions 50 by spacers 58. The hot 
metal also forms a conductive layer of metalized polysilicon 66 (polycide) on the exposed top 
portions of poly spacers 56, and polycide layer 68 on the exposed top portions of poly blocks 42. 
The metal deposited on the remaining structure is removed by a metal etch process. The 

1 5 resulting structure is shown in Fig. 3T. 

Passivation, such as BPSG 70, is used to cover the structure, including filling third 
trenches 44. A masking step is performed to define etching areas over the salicide regions 64. 
The BPSG 70 is selectively etched in the etching areas to create contact openings that are ideally 
centered over the salicide regions 64 (and second regions 50). The contact openings are then 

20 filled with conductor metal by metal deposition and planarizing etch-back, forming conductor 
contacts 72. The salicide layer 64 enhances conduction between the conductors 72 and the 
second regions 50. Polycide layers 66/68 enhance conduction along the length of poly spacers 
56 and poly blocks 42. A bit line connector 74 is added to each active region by metal masking 
over the BPSG 70 to connect together all the contacts 72 in that active region. The final 

25 structure is shown in Fig. 3U. 

As shown in Fig. 3U, first and second regions 38/50 form the source and drain for each 
cell (although those skilled in the art know that source and drain can be switched during 
operation). Poly layer 14 constitutes the floating gate and poly spacer 56 constitutes the control 
gate for each of the memory cells. A channel region 76 for each memory cell is the surface 
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portion of the substrate that is in-between the source and drain 38/50. Each channel region 76 
has two portions joined together at a right angle: a vertical portion 78 extending along the 
vertical wall of third trench 44, and a horizontal portion 80 extending between the third trench 44 
and the source region 38. Each floating gate 14 is disposed over, but insulated from, the 

5 horizontal portion 80 of the channel region 76, and a portion of the source region 38. The 
floating gates 14 each have the horizontally oriented edge 54 that directly faces one of the 
control gates 56, but are insulated therefrom by oxide layer 52. The process of the present 
invention forms pairs of memory cells that mirror each other, with a memory cell formed on each 
side of the third trenches 44 that share a common bit-line region 50. Similarly, each source line 

10 region 38, which is in electrical contact with poly block 42, is shared between adjacent memory 
cells from different mirror sets of memory cells. Each control gate 56, source region 38 (with 
poly block 42 electrically connected thereto) and drain region 50 continuously extend across the 
isolation regions 16 and active regions 17, linking together one memory cell from each of the 
active regions 17. 

15 

Memory Cell Operation 

The operation of the memory cells will now be described below with reference to Fig. 
3U. The operation and theory of operation of such memory cells are also described in U.S. 
Patent No 5,572,054, whose disclosure is incorporated herein by reference with regard to the 
20 operation and theory of operation of erasing and reading a non- volatile memory cell having a 
floating gate and a control gate, floating gate to control gate tunneling, and an array of such 
memory cells. 

To initially erase a selected memory cell in any given active region 17, a ground potential 
is applied to both its source 38 and drain 50. A high-positive voltage (e.g. +5-10 volts), is 
25 applied to the control gate 56. Electrons on the floating gate 14 are induced through the Fowler- 
Nordheim tunneling mechanism to tunnel through the oxide layer 52 to the control gate 56, 
leaving the floating gate 14 positively charged. Tunneling is enhanced by the horizontally 
oriented edge 54 formed on each floating gate 14. It should be noted that since each control gate 
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56 continuously extends across the active regions 17 and isolation regions 16, one memory cell 
from each active region is erased when the high voltage is applied to one of the control gates 56. 

When a selected memory cell is desired to be programmed, a small voltage (e.g. 0.5 to 
1 .0 V) is applied to its drain region 50. A positive voltage level in the vicinity of the threshold 

5 voltage of the MOS structure defined by the control gate 56 (on the order of approximately +1.8 
volts) is applied to its control gate 56. A positive high voltage, on the order of 9 or 10 volts, is 
applied to its source region 38. Electrons generated by the drain region 50 will flow from the 
drain region 50 towards the source region 38 through the weakly-inverted vertical portion 78 of 
the channel region 76. As the electrons reach the horizontal portion 80 of the channel region 76, 

10 they will see the high potential of the near end of floating gate 14 (because the floating gate 14 is 
more strongly capacitively coupled to the positively charged source region 38 than to the control 
gate 56). The electrons will accelerate and become heated, with most of them being injected into 
and through the insulating layer 12 and onto the floating gate 14. Ground potential and Vdd 
(approximately 1 .5 to 3.3 volts depending upon the power supply voltage of the device) are 

1 5 applied to the source lines 38 and bit-line regions 50, respectively, for memory cell rows and 
columns not containing the selected memory cell. Ground potential is applied to the control 
gates 56 for memory cell rows not containing the selected memory cell. Thus, only the memory 
cell in the selected row and column is programmed. 

The injection of electrons onto the floating gate 14 will continue until the reduction of the 

20 charge on the near end of the floating gate 14 can no longer sustain a high surface potential along 
the horizontal channel region portion 80 to generate hot electrons. At that point, the reduced 
charge on the floating gate 14 will decrease the electron flow from the drain region 50 onto the 
floating gate 14. 

Finally, to read a selected memory cell, ground potential is applied to its source region 
25 38. A read voltage of approximately +1 volt is applied to its drain region 50 and approximately 
1 .5 to 3.3 volts (depending upon the power supply voltage of the device) is applied to its control 
gate 56. If the floating gate 14 is positively charged (i.e. the floating gate is discharged of 
electrons), then the horizontal portion 80 of the channel region 76 (directly underneath the 
floating gate 14) is turned on. When the control gate 56 is raised to the read potential, the 
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vertical portion 78 of the channel region 76 (directly adjacent the control gate 56) is also turned 
on. Thus, the entire channel region 76 will be turned on, causing electrical current to flow from 
the source region 38 to the drain region 50. This would be the "1" state. 

On the other hand, if the floating gate 14 is negatively charged, the horizontal portion 80 

5 of the channel region 76 (directly below the floating gate 14) is either weakly turned on or is 
entirely shut off. Even when the control gate 56 and the drain region 50 are raised to the read 
potential, little or no current will flow through horizontal portion 80 of channel region 76. In this 
case, either the current is very small compared to that of the "1" state or there is no current at all- 
in this manner, the memory cell is sensed to be programmed at the "0" state. Ground potential is 

10 applied to the source lines 38, bit-line regions 50, and control gates 56 for non-selected columns 
and rows so only the selected memory cell is read. 

The memory cell array includes peripheral circuitry including conventional row address 
decoding circuitry, column address decoding circuitry, sense amplifier circuitry, output buffer 
circuitry and input buffer circuitry, which are well known in the art. 

1 5 The memory cell architecture of the present invention is advantageous because it does not 

employ a finite, vertical overlap area between an upwardly extending edge of the floating gate 
and the control gate. As shown in the prior art configuration of Fig. 1, there is a first coupling 
capacitance Ci laterally between the floating gate 1 and control gate 5, and a second coupling 
capacitance C2 vertically between the floating gate 1 and control gate 5. The goal is to maximize 

20 tunneling efficiency while minimizing capacitive coupling between these two elements. C 2 can 
be minimized by reducing the amount of control gate 5 that overhangs floating gate 1. However, 
there is a constraint on minimizing Ci as the floating gate will have a finite thickness due to 
fabrication process limitations. If the lateral distance between the floating and control gates is 
enlarged to reduce Ci, then the insulation material therebetween will be degraded by tunneling. 

25 If the lateral distance is narrowed to enhance tunneling, then capacitive coupling Ci becomes 
large. Thus, capacitive coupling C\ serves as a scaling limit. 

With the present invention, however, this scaling limit is bypassed because the 
horizontally oriented edge 54 directly faces a vertically oriented control gate spacer 56 disposed 
laterally adjacent thereto. There is no vertically oriented capacitive coupling (e.g. C 2 ), and the 
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laterally oriented capacitive coupling (e.g. Q) can be sufficiently small while still allowing for 
adequate tunneling between the horizontally oriented edge 54 and control gate 56. 

The present invention also provides a memory cell array with reduced size and superior 
program efficiency. Memory cell size is reduced by as much as 50% because the bit line region 
5 50 is buried inside the substrate 10, and the bit line regions 50 are self aligned to the third 
trenches, where space is not wasted due to limitations in the lithography generation, contact 
alignment and contact integrity. Cell areas of approximately 0.21 ^im and 0.14 \im can be 
achieved by the present invention using 0.18 ^m and 0.13 nm technology generations, 
respectively. Program efficiency is greatly enhanced by "aiming" the vertical portion 78 of the 

10 channel region 76 at the floating gate 14. In conventional programming schemes, the electrons 
in the channel region flow in a path parallel to the floating gate, where a relatively small number 
of the electrons become heated and are injected onto the floating gate. The estimated program 
efficiency (number of electrons injected compared to total number of electrons) is estimated at 
about 1/1000. However, because the first portion of the channel region defines an electron path 

15 that is 'aimed' directly at the floating gate, the program efficiency of the present invention is 
estimated to be closer to 1/1, where almost all the electrons are injected onto the floating gate. 

Also with the present invention, the control gates formed along the sidewalls of third 
trenches 44 can be separately optimized for conduction performance as well as punch-through 
immunity without affecting cell size. Additionally, the punch-through suppression between 

20 source region 38 and the buried bit-line region 50 can be optimized by embedding the source 
region having a first conductivity type (e.g. N type) in a well having a second conductivity type 
(e.g. P type) different from the first conductivity type, along with using other sub-surface 
implant(s) that do not affect the conduction characteristics of the memory cell. Furthermore, 
having source region 38 and bit-line region 50 separated vertically as well as horizontally allows 

25 easier optimization of reliability parameters without affecting cell size. 

Lastly, the memory cell structure of the present invention includes "raised source lines" 
42, meaning that the conductive poly blocks 42 run along (and are electrically connected to) the 
source lines 38, but are disposed above the substrate surface. The raised source lines 42 have 
sidewalls that are disposed laterally adjacent to sidewalls of floating gates 14, but are insulated 
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therefrom by oxide layers 36 and oxide spacers 40. This configuration provides decreased 
electrical resistance along the length of the source lines 38, and provides capacitive coupling 
between the raised source lines 42 and floating gates 14 (in addition to the capacitive coupling 
caused by the overlap between the floating gates 14 and the source regions 38). 
5 With the present invention, the poly blocks 42 are self aligned to the source regions 38, 

and the floating gates 14 are self aligned between the poly blocks 42 and the control gate poly 
spacers 56 (and thus are self aligned to the first and second portions 78/80 of the channel regions 
76). 

10 First Alternate Embodiment 

Figs. 4A to 4G illustrate a first alternate process for forming the memory cell structure 
similar to that illustrated in Fig. 3U, where the nitride etch used to remove nitride layer 30 is 
performed later in the process to preserve part of the nitride layer. This first alternate process 
begins with the same structure as shown in Fig. 30, which is shown again in Fig. 4A. 

15 The formation of poly spacers 56 along sidewalls of third trenches 44 is formed in the 

same way as described above with respect to Fig. 3P, except that a thinner poly layer is 
preferably deposited over the structure (e.g. 700 A thick), followed by a dry anisotropic dry etch 
process to remove the deposited poly layer, except for poly spacers 56 left along the sidewalls of 
third trenches 44. The poly etch is preferably performed to ensure the top edge of each poly 

20 spacer 56 is generally level with the top edge of the adjacent nitride layer 30 (as shown in Fig. 
4B), or is located in-between the adjacent floating gate edge 54 and the adjacent top edge of 
nitride layer 30. 

A nitride etch process is then used to remove nitride spacers 46. An oxide etch follows to 
remove oxide layers 48 and 43, and the exposed portions of oxide layer 52 at the bottom of third 
25 trenches 44 (in-between poly spacers 56), as shown in Fig. 4C. Insulating spacers 58 (preferably 
oxide) are formed along the sidewalls of third trenches 44 by depositing a layer of oxide over the 
structure (e.g. 500 to 1200 A thick), followed by an oxide etch (e.g. RIE). This oxide deposition 
and etch process also forms oxide spacers 62 adjacent the vertical portions of nitride layer 30. 
The resulting structure is shown in Fig. 4D. 
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A metal deposition step is then performed, to deposit a metal such as tungsten, cobalt, 
titanium, nickel, platinum, or molybdenum over the structure. The structure is then annealed, 
permitting the hot metal to flow and to seep into the exposed portions of the substrate 10 at the 
bottom of third trenches 44 to form the salicide layer 64. The hot metal also forms the polycide 

5 layer 66 on the exposed top portions of poly spacers 56 and the polycide layer 68 on the exposed 
top portions of poly blocks 42. After a metal etch process to remove the remaining metal, the 
resulting structure is shown in Fig. 4E. 

A nitride etch process follows (e.g. in hot phosphoric acid), which removes exposed 
portions of nitride layer 30 (i.e. those portions not protected by oxide spacers 62), as shown in 

10 Fig. 4F. The structure is processed as described above with respect to Fig. 3U (i.e. passivation, 
contact formation, and bit line formation), to result in the structure shown in Fig. 4G. 

The major difference in this first alternate embodiment from the process of Figs. 3A-3U 
is that the nitride etch step for removing nitride layer 30 is performed later in the process. The 
result is that nitride layer 30 remains intact to protect oxide layer 22 (over floating gate 14) 

15 during the salicide/polycide metalization process. Moreover, a portion of the nitride layer 30 
remains intact in the final memory cell structure (over floating gate 14 and laterally adjacent to 
poly block 42). Given the higher dielectric constant of nitride (compared to oxide), this 
remaining portion of nitride layer 30 provides a stronger sidewall fringing field, and hence 
enhances the capacitance coupling between the source region 38 (including poly block 42) and 

20 the floating gate 14 for each of the memory cells. 

Second Alternate Embodiment 

Figs. 5A to 51 illustrate a second alternate process for forming the memory cell structure 
similar to that illustrated in Fig. 3U, where ion implantation used to form second regions 50 is 
25 performed later in the process, and an additional tunnel oxide formation is included. This second 
alternate process begins with the same structure as shown in Fig. 3M, which is shown again in 
Fig. 5A. 

The same silicon and oxide etch processes are performed as described above with respect 
to Fig. 3N to extend third trenches 44 down into substrate 10, and remove oxide layer 48, as 
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shown in Fig. 5B. However, the ion implantation used to form second regions 50 is not 
performed at this time. Instead, the oxidation process as discussed with respect to Fig. 30 is 
performed to form oxide layer 52 and floating gate edges 54, and re-grow oxide layer 48, as 
illustrated in Fig. 5C. 

5 A controlled oxide etch process (e.g. with 10 to 1 diluted HF etchant) is performed to 

remove oxide layer 52 and expose floating gate pointed edge 54. A thin layer of oxide 82 (e.g. 
130 A) is deposited (e.g. by HTO deposition) over the structure. The removal of oxide layer 52 
and deposition of oxide layer 82 provides a tunneling oxide layer adjacent to the pointed edge 54 
having a controlled thickness. Poly spacers 56 are then formed along sidewalls of third trenches 

10 44 by depositing a poly layer over the structure (e.g. 700 A thick), followed by a dry anisotropic 
dry etch process to remove the deposited poly layer except for poly spacers 56 left along oxide 
layer 82 in third trenches 44. Preferably, the poly etch is performed to ensure the top edge of 
each poly spacer 56 is generally level with the top edge of the adjacent nitride layer 30 (as shown 
in Fig. 5D), or is located in-between the adjacent floating gate edge 54 and the adjacent top edge 

15 of nitride layer 30. 

An oxide etch process is then used to remove exposed portions of oxide layer 82 (i.e. 
those portions not protected by poly spacers 56) and oxide layer 48. A nitride is then used to 
remove nitride spacers 46, followed by an oxide etch to remove oxide layer 43. The resulting 
structure is shown in Fig. 5E. Suitable ion implantation is made across the entire surface of the 

20 structure to form second regions 50 (buried bit-line regions) in the substrate 10 underneath third 
trenches 44. Outside of third trenches 44, the ions are blocked and have no effect. The 
insulating spacers 58 (preferably oxide) are formed along the sidewalls of third trenches 44 by 
depositing a layer of oxide over the structure (e.g. 500 to 1200 A thick), followed by an oxide 
etch (e.g. RIE). This oxide deposition and etch process also forms oxide spacers 62 adjacent the 

25 vertical portions of nitride layer 30. The resulting structure is shown in Fig. 5F. It should be 
noted that the ion implantation process could be performed after the formation of insulating 
spacers 58, or even after forming control gates 56 but before removal of spacers 46. 

A thermal anneal process (e.g. RTA or furnace thermal anneal) is used to drive the first 
and second regions 38/50 deeper into the substrate 10. A metal deposition step is then 
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performed, to deposit a metal such as tungsten, cobalt, titanium, nickel, platinum, or 
molybdenum over the structure. The structure is then annealed to form the salicide regions 64 
(at the bottom of third trenches 44 between oxide spacers 58), to form the polycide regions 66 
(over the exposed top portions of poly spacers 56), and to form the polycide regions 68 (on the 

5 exposed top portions of poly blocks 42). The metal deposited on the remaining structure is 
removed by a metal etch process. The resulting structure is shown in Fig. 5G. 

A nitride etch process follows (e.g. in hot phosphoric acid), which removes exposed 
portions of nitride layer 30 (i.e. those portions not protected by oxide spacers 62), as shown in 
Fig. 5H. The structure is then processed as described above with respect to Fig. 3U (i.e. 

10 passivation, contact formation, and bit line formation), to result in the structure shown in Fig. 51. 

This second alternate embodiment shifts the ion implantation step used to form second 
regions 50 until after the control gate spacers 56 are formed. The oxide layer 82 used for 
tunneling between the floating gate edge 54 and the control gate 56 is formed by an oxide 
deposition step (e.g. HTO), instead of by a thermal growth step, to better achieve uniformity 

1 5 given the stress induced by the corners of third trenches 44. Lastly, the remaining portion of the 
nitride layer 30 provides a stronger sidewall fringing field, and hence enhances the capacitance 
coupling between the source region 38 (including poly block 42) and the floating gate 14. 

Third Alternate Embodiment 

20 Figs. 6A to 6J illustrate a third alternate process for forming the memory cell structure 

similar to that illustrated in Fig. 3U, and includes "L" shaped control gates and channel regions 
each having two separate horizontal portions separated by a vertical portion. This third alternate 
process begins with the same structure as shown in Fig. 3M, which is shown again in Fig. 6 A. 

The same etch process is performed as described above with respect to Fig. 3N to extend 

25 third trenches 44 down into substrate 10, as shown in Fig. 6B. However, the ion implantation 
used to form second regions 50 is not performed at this time. Instead, the oxidation process as 
discussed with respect to Fig. 30 is performed to form oxide layer 52 and floating gate edges 54, 
as illustrated in Fig. 6C. 
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A poly layer 84 is formed over the structure. An optional polycide layer 86 is formed on 
the upper surface of poly layer 84, the metal deposition and anneal process discussed above. The 
total thickness of layers 84 and 86 is preferably about 700 A. Next, an oxide layer is formed 
over the structure, followed by an oxide etch that removes the oxide layer except for the oxide 
5 spacers 58 formed against poly layer 84 in third trenches 44. The resulting structure is shown in 
Fig. 6D. 

A poly etch process is used to remove the exposed portions of polycide layer 86 and poly 
layer 84 (i.e. portions not protected by oxide spacers 58), leaving "L" shaped segments of poly 
and polycide layers 84/86 along the side and bottom walls of trenches 44. Preferably, this poly 

10 etch, and the formation of oxide spacers 58, are performed to ensure the top edges of each 

poly/polycide segment 84/86 are generally level with the top edge of the adjacent nitride layer 30 
(as shown in Fig. 6E), or is located in-between the adjacent floating gate edge 54 and the 
adjacent top edge of nitride layer 30. 

A nitride etch process is used to remove the exposed nitride spacers 46. An oxide etch is 

15 then used to remove oxide spacers 58 (in third trenches 44), oxide layer 48 (over poly blocks 42), 
oxide layer 43, and the portions of oxide layer 52 (at the bottom of third trenches 44 between 
poly segments 84), as shown in Fig. 6F. An oxide deposition and etch back process (e.g. REE 
v dry etch) is used to form oxide spacers 88 (against exposed and vertically oriented end portions 
of layers 52, 84 and 86 in third trenches 44), oxide spacers 90 (against vertically oriented 

20 portions of polycide layer 86 in third trenches 44), and oxide spacers 92 (against vertically 

oriented portions of nitride layer 30). Suitable ion implantation is made across the entire surface 
of the structure to form the second regions 50 (buried bit-line regions) in the substrate 10 
underneath third trenches 44. The ions are also implanted into poly blocks 42 to dope (or further 
dope) these blocks. In areas outside of third trenches 44, and except for poly blocks 42, the ions 

25 are blocked and have no effect. It should be noted that the ion implantation process could be 
performed before the formation of oxide spacers 88/90/92, or before the removal of nitride 
spacer 46. The resulting structure is shown in Fig. 6G. 

A metal deposition step is then performed, to deposit a metal such as tungsten, cobalt, 
titanium, nickel, platinum, or molybdenum over the structure. The structure is then annealed to 

22 



AttvDcktNo: 2 102397-9921 51 PATENT 

form the salicide regions 64 (at the bottom of third trenches 44 between oxide spacers 88), the 
polycide regions 94 (over the exposed top portions of poly layer segments 84), and the polycide 
regions 68 on the exposed top portions of poly blocks 42. The metal deposited on the remaining 
structure is removed by a metal etch process. The resulting structure is shown in Fig. 6H. 

5 A nitride etch process follows (e.g. in hot phosphoric acid), which removes exposed 

portions of nitride layer 30 (i.e. those portions not protected by spacers oxide 92), as shown in 
Fig. 61. The structure is then processed as described above with respect to Fig. 3U (i.e. 
passivation, contact formation, and bit line formation), to result in the structure shown in Fig. 6J. 
This third alternate embodiment shifts the ion implantation step used to form second 

10 regions 50 until after the bottom of third trenches 44 are narrowed by the formation of poly layer 
segments 84 and polycide 86. Thus, second regions 50 are formed under only a center portion of 
the third trench bottom walls. This results in the formation a channel region 76 in the substrate 
for each cell having three portions joined together at generally right angles, with a first horizontal 
portion 80 extending between the third trench 44 and the source region 38, a vertical portion 78 

1 5 extending along the vertical wall of third trench 44, and a second horizontal portion 96 extending 
between the vertical portion 78 and the drain region 50, so that the channel region 76 is generally 
"S" shaped. The remaining portion of the nitride layer 30 provides a stronger sidewall fringing 
field, and hence enhances the capacitance coupling between the source region 38 (including poly 
block 42) and the floating gate 14. Lastly, the control gate thickness is dictated by a poly 

20 deposition step, as opposed to poly deposition and etch back process that can be more difficult to 
precisely control. 

Fourth Alternate Embodiment 

Figs. 7A to 7Z illustrate a fourth alternate process for forming the memory cell structure 
25 similar to that illustrated in Fig. 3U, but utilizing a self alignment contact (SAC) scheme. This 
fourth alternate process begins with the same structure as shown in Fig. 3C, which is shown 
again in Fig. 7A. 

A thick layer of dielectric material 102 (e.g. BSG) is deposited over the structure, as 
shown in Fig. 7B, to fill gaps between portions of oxide layer 32. A BSG etch process is used to 
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etch down the BSG layer 102 generally even with the tops of oxide layer 32, using oxide layer 
32 as an etch stop. The BSG etch process results in blocks of the BSG 102 disposed between the 
tops of oxide layer 32, as shown in Fig. 7C. An oxide etch process is used to etch the exposed 
portions of oxide layer 32 down generally even with the tops of nitride layer 30, using nitride 
5 layer 30 as an etch stop. A controlled oxide over-etch is used to etch down the exposed portion 
of oxide layer 32 a predetermined distance below the tops of nitride layer 30, as shown in Fig. 
7D. 

Next, a thick nitride layer 104 is deposited over the structure, as shown in Fig. 7E. A 
planarization etch process follows (e.g. CMP) to etch down nitride layer 104, BSG 102 and 
1 0 nitride 30 even with the tops of poly blocks 28 (using poly blocks 28 as the polishing stopper), 
and to leave the top surfaces of poly blocks 28 exposed. The resulting structure is shown in Fig. 
7F. 

A poly etch process is used to remove poly blocks 28 (using oxide layer 22 as an etch 
stop) to form second trenches 34. A controlled oxide etch is used to remove the portions of 
15 oxide layer 22 exposed at the bottoms of second trenches 34 (using poly layer 14 as an etch 

stop). Another poly etch process is performed to remove portions of poly layer 14 exposed at the 
bottoms of the second trenches 34 (using oxide layer 12 as an etch stop). The resulting structure 
is shown in Fig. 7G. 

An oxide sidewall layer 36 is formed on the exposed ends of poly layer 14 at trenches 34 
20 using a thermal oxidation process. Suitable ion implantation is then used to form first regions 
(source regions) 38 in the substrate 10 having a conductivity type (e.g. N type) that is different 
from that of the surrounding substrate (e.g. P type). Sidewall spacers 40 are then formed against 
the walls of the second trenches 34 by depositing a thin layer of oxide (e.g. 200 A) over the 
entire structure, followed by an anisotropic etch process (e.g. RIE dry etch), to remove the 
25 deposited oxide layer except for spacers 40. This oxide etch process also removes the exposed 
portions of oxide layer 12 at the bottom of second trenches 34 to expose the substrate 10. The 
resulting structure is shown in Fig. 7H. 

The second trenches are filled with poly blocks 42, preferably by depositing a thick layer 
of poly silicon over the structure, followed by a planarization process (i.e. CMP) to remove the 
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deposited poly silicon except for poly blocks 42 in second trenches 34. An optional poly etch is 
be performed to slightly recess the upper surfaces of poly blocks 42 relative to nitride layer 104 
and oxide layer 32, to address any topography issues if present. The poly blocks 42 are in direct 
electrical contact with source regions 38 of substrate 10, and can be doped in-situ or by a 

5 separate implant. The resulting structure is shown in Fig. 71. 

A BSG etch process (wet or dry) is used to remove BSG 102, exposing portions of oxide 
layer 32. An anisotropic etch (e.g. RIE) is then used to remove exposed portions of oxide layer 
32 (i.e. portions not protected by nitride 104), leaving semi-recessed third trenches 44 disposed 
between oxide blocks 32, as illustrated in Fig. 7J. 

10 Next, the structure is subjected to a thermal oxidation process, which forms an oxide 

layer 48 over poly blocks 42. Oxide layer 48 is self aligned to the poly blocks 42 (with a 
thickness, for example, of -600 A). During the thermal cycle of this oxidation process, the 
source regions 38 are driven deeper into the substrate. The resulting structure is shown in Fig. 
7K. 

1 5 An anisotropic (dry) nitride etch is used to remove the portions of nitride layer 30 that are 

exposed in third trenches (between oxide blocks 32), using oxide layer 22 as an etch stop. This 
nitride etch also removes some of the exposed portions of nitride layer 30 adjacent poly blocks 
42, as well as reducing the thickness of nitride layer 104 (e.g. down to a thickness of -300-500 
A). An anisotropic oxide etch follows to remove the portions of oxide layer 22 that are exposed 

20 in third trenches 44 (between oxide blocks 32), using poly layer 14 as an etch stop. This oxide 
etch also slightly consumes small portions of oxide layer 48. The resulting structure is shown in 
Fig.7L. 

An anisotropic (dry) poly etch is next performed to remove the portions of poly layer 14 
that are exposed in third trenches (between oxide blocks 32), using oxide layer 12 as an etch 
25 stop. This poly etch is preferably performed to form a slope or taper region 106 on the edge of 
poly layer 14 facing third trenches 44, as shown in Fig. 7M. 

An anisotropic (dry) oxide etch follows, which removes the portions of oxide layer 12 
that are exposed in third trenches (between oxide blocks 32), which exposes the substrate 10 at 
the bottom of third trenches 44. This oxide etch also slightly consumes small portions of oxide 
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layer 48. The resulting structure is shown in Fig. 7M. Next, with the silicon substrate 10 left 
exposed at the bottom of third trenches 44, a silicon (dry) etch process is performed to extend 
third trenches 44 down into substrate 10, to a depth of 500 A to 1500 A below the substrate 
surface. This etch is selected to have a 1-to-l selectivity between silicon and oxide, so that it 
5 also etches a similar depth trench in the oxide isolation regions 16 (LOCOS or STI), wherein 
third trenches 44 are continuously formed and extend across the active and isolation regions 
17/16. The resulting structure is shown in Fig. 7N. 

An oxidation process is then performed, which oxidizes the exposed silicon surfaces of 
third trenches 44 to form a thin layer of oxide 52 (e.g. 150 A) lining these silicon surfaces. This 

10 oxidation process also oxidizes the exposed tapered sides 106 of poly layer 14 that form part of 
the sidewalls of upper portions of third trenches 44, which results in horizontally oriented edges 
54 each of which points directly toward one of the sidewalls of third trenches 44, as illustrated in 
Fig. 70. Edges 54 can be elongated edges (i.e. like the sharp edge of a razor blade), or shorter 
edges (i.e. like the tip of a pencil). This oxidation process also thickens the oxide layer 48 over 

15 poly blocks 42. 

An optional oxide layer optimization process is next, where the thickness of the thermally 
grown Fowler-Nordheim tunneling oxide can be optimized by removing oxide layer 52 from the 
third trenches 44, followed by an HTO oxide deposition step to reform oxide layer 52 over the 
entire structure having a well controlled thickness (e.g. 150 A). The resulting structure is shown 
20 in Fig. 7P. 

A poly layer 56 is formed over the structure (e.g. 800 A thick), as shown in Fig. 7Q. 
Metalized polysilicon (not shown) can be formed on the upper surface of poly layer 56. A layer 
of dielectric material 108 (e.g. BSG, -1000 A) is then formed over poly layer 56, as shown in 
Fig. 7R. A BSG etch process is then used to etch BSG 108 down even with oxide layer 52 , 
25 followed by a poly etch to etch poly layer 56 down even with oxide layer 52 . A CMP 

planarization could alternately be used instead of these BSG and poly etches. An additional poly 
etch is performed to recess the tops of poly layer 56 below the tops of oxide layer 52 and BSG 
108, as illustrated in Fig. 7S. 
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A nitride layer 1 10 is next deposited over the structure (e.g. 800 A), as shown in Fig. 7T. 
A nitride etch follows, using oxide layer 52 as an etch stop, which leaves nitride blocks 1 10 over 
the poly layer 56, as shown in Fig. 7U. Nitride blocks 1 10 are self aligned to the poly layer 56 
by oxide layer 52 (and oxide block 32) and BSG 108. A BSG etch is then used to remove BSG 

5 blocks 108 from the third trenches 44. The resulting structure is shown in Fig. 7V. 

An anisotropic poly etch is used to remove the exposed portions of poly 56 at the bottom 
of third trenches 44 (i.e. those portions not protected by nitride 110), as shown in Fig. 7W. Next, 
nitride is deposited over the structure (e.g. 300 A thick), followed by an anisotropic nitride etch 
(e.g. RIE) that removes the deposited nitride except for nitride spacers 1 12 in third trenches 44. 

10 Suitable ion implantation is once again made across the entire surface of the structure to form 
second regions 50 (buried bit-line drain regions) in the substrate 10 underneath third trenches 44. 
Outside of third trenches 44, the ions are blocked and have no effect. It should be noted that the 
ion implantation process could be performed after the oxide etch performed next. The resulting 
structure is shown in Fig. 7X. 

1 5 An oxide etch step is next, which removes the exposed portions of oxide layer 52 and 

oxide layer 48. A metal deposition step is then performed, to deposit a metal such as tungsten, 
cobalt, titanium, nickel, platinum, or molybdenum over the structure. The structure is then 
annealed to form a conductive layer of metalized silicon 64 (silicide) in the exposed substrate 
between oxide spacers 112, and a conductive layer of metalized polysilicon 66 (polycide) on the 

20 exposed top portions of poly blocks 42. The metal deposited on the remaining structure is 
removed by a metal etch process. The resulting structure is shown in Fig. 7Y. 

An oxide layer 1 14 (e!g. BP TEOS), is used to cover the structure. A masking step is 
performed to define etching areas over the salicide regions 64. The oxide layer 1 14 is selectively 
etched in the etching areas to create contact openings that are ideally centered over the salicide 

25 regions 64 (and second regions 50). The contact openings are then filled with conductor metal 
by metal deposition and planarizing etch-back, forming conductor contacts 72. The salicide 
layer 64 enhances conduction between the conductors 72 and the second regions 50. Polycide 
layer 66 enhances conduction along the length of poly blocks 42. A bit line connector 74 is 
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added to each active region by metal masking over the oxide 1 14 to connect together all the 
contacts 72 in that active region. The final structure is shown in Fig. 7Z. 

The formation of contact 72 is referred to as a self aligned contact scheme (SAC) because 
the width of the contact is made wider than the separation between adjacent, facing nitride 

5 spacers 1 12, and thus is self aligned to the drain region 50. Part of the contact 72 is formed 
directly over poly block 56, but is insulated therefrom by nitride layer 110, thus ensuring that a 
good contact with the drain region 50 is achieved. 

The self aligned contact scheme (SAC) removes an important constraint on the minimum 
spacing requirement between adjacent sets of paired memory cells. Specifically, while Fig. 7Z 

10 illustrates the contact area (and thus conductors 72) perfectly centered over the drain regions 50, 
in reality it is very difficult to form the contact openings without some undesirable horizontal 
shift relative to the drain regions 50. A faulty connection could occur if the horizontal shift 
becomes great enough to prevent contact 72 from completely filling in the space between spacers 
1 12. With a non-self aligned contact scheme, such as that used with the embodiment illustrated 

1 5 in Fig. 3U, where there is no protective layer of nitride over poly spacers 56, electrical shorts can 
occur if the contact 72 is shifted over and makes contact with poly spacers 56. To prevent 
electrical shorts in the non-self aligned contact scheme, the contact openings are formed with 
edges sufficiently away from the spacers 58 so that even with the maximum possible shift in the 
contact regions, they will not extend beyond the spacers 58. This of course presents a constraint 

20 on the minimum distance between spacers 58 for the embodiment shown in Fig. 3U, in order to 
provide a sufficient tolerance distance between adjacent sets of paired mirror cells. 

SAC as used in the fourth alternate embodiment eliminates this constraint by using a 
protective layer of material (nitride layer 1 10) over poly blocks 56. With this protective layer, 
the contact openings are allowed to be formed in the oxide layer 114 with a sufficient width to 

25 ensure there is overlap of the contact opening with the drain regions 50, even if there is a 

significant horizontal shift of the contact opening during formation. Nitrite layer 1 1 0 allows 
portions of contact 72 to be formed over poly blocks 56 without any shorting therebetween. 
Thus, the width of contact regions between spacers 72 can be minimized, allowing the scaling 
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down of the overall cell dimension. It should be noted that SAC can be utilized with any of the 
method embodiments illustrated in this application. 

As with the third alternative embodiment, this fourth alternate embodiment results in 
second regions 50 being formed under only a center portion of the third trench bottom walls, and 
thus "S" shaped channel regions 76 have three portions joined together at generally right angles: 
first horizontal portion 80 extending between the third trench 44 and the source region 38, 
vertical portion 78 extending along the vertical wall of third trench 44, and second horizontal 
portion 96 extending between the vertical portion 78 and the drain region 50. The generally 
rectangular control gates 56 each have a first portion directly adjacent the channel region vertical 
portion 78 and a second portion directly adjacent the channel region second horizontal portion 
96. The remaining portion of the nitride layer 30 provides a stronger sidewall fringing field, and 
hence enhances the capacitance coupling between the source region 38 (including poly block 42) 
and the floating gate 14. The floating gates 14 have the horizontally oriented edge 54 that 
directly faces the vertically oriented control gate blocks 56 disposed laterally adjacent thereto. 
Lastly, the control gate oxide thickness is dictated by a poly deposition step, as opposed to poly 
deposition and etch back process that can be more difficult to precisely control. 

Fifth Alternate Embodiment 

Figs. 8A to 8W illustrate a fifth alternate process for forming the memory cell structure 
20 similar to that illustrated in Fig. 7Z, but with a metal source line scheme. This fifth alternate 
process begins with the same structure as shown in Fig. 7F. 

A BSG etch (e.g. wet etch) is used to remove BSG 102 as shown in Fig. 8 A, followed by 
an anisotropic oxide etch (e.g. RIE) that removes exposed portions of oxide layer 32 (i.e. 
portions not protected by nitride 104), leaving semi-recessed third trenches 44 disposed between 
25 oxide blocks 32. Next, the structure is subjected to a thermal oxidation process, which forms an 
oxide layer 48 over poly blocks 28. Oxide layer 48 is self aligned to the poly blocks 28 (with a 
thickness, for example, of -600 A). The resulting structure is shown in Fig. 8B. 

An anisotropic (dry) nitride etch is used to remove the portions of nitride layer 30 that are 
exposed in third trenches 44 (between oxide blocks 32), using oxide layer 22 as an etch stop. 
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This nitride etch also removes some of nitride layer 104 (e.g. leaving a thickness of -500 A), as 
well as the exposed portions of nitride layer 30 adjacent poly blocks 28. An anisotropic oxide 
etch follows to remove the portions of oxide layer 22 that are exposed in third trenches 44 
(between oxide blocks 32), using poly layer 14 as an etch stop. This oxide etch also slightly 

5 consumes small portions of oxide layer 48. The resulting structure is shown in Fig. 8C. 

An anisotropic (dry) poly etch is next performed to remove the portions of poly layer 14 
that are exposed in third trenches (between oxide blocks 32), using oxide layer 12 as an etch 
stop. This poly etch is preferably performed to form a slope or taper region 106 on the edge of 
poly layer 14 facing third trenches 44, as shown in Fig. 8D. 

10 An anisotropic (dry) oxide etch follows, which removes the portions of oxide layer 12 

that are exposed in third trenches 44 (between oxide blocks 32), which. exposes the substrate 10 
at the bottom of third trenches 44. This oxide etch also slightly consumes small portions of 
oxide layer 48. With the silicon substrate 10 left exposed at the bottom of third trenches 44, a 
silicon (dry) etch process is performed to extend third trenches 44 down into substrate 10, to a 

15 depth of 500 A to 1 500 A below the substrate surface. This etch is selected to have a 1-to-l 
selectivity between silicon and oxide, so that it also etches a similar depth trench in the oxide 
isolation regions 16 (LOCOS or STI), wherein third trenches 44 are continuously formed and 
extend across the active and isolation regions 17/16. The resulting structure is shown in Fig. 8E. 
An oxidation process is then performed, which oxidizes the exposed silicon surfaces of 

20 third trenches 44 to form a thin layer of oxide 52 (e.g. 150 A) lining these silicon surfaces. This 
oxidation process also oxidizes the exposed tapered sides 106 of poly layer 14 that form part of 
the sidewalls of upper portions of third trenches 44, which results in horizontally oriented edges 
54 each of which points directly toward one of the sidewalls of third trenches 44, as illustrated in 
Fig. 8F. Edges 54 can be elongated edges (i.e. like the sharp edge of a razor blade), or shorter 

25 edges (i.e. like the tip of a pencil). This oxidation process also thickens the oxide layer 48 over 
poly blocks 42. 

An optional oxide layer optimization process is next, where the thickness of the thermally 
grown Fowler-Nordheim tunneling oxide can be optimized by removing oxide layer 52 from the 
third trenches 44, followed by an HTO oxide deposition step to reform oxide layer 52 over the 
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entire structure having a well controlled thickness (e.g. 1 50 A). The resulting structure is shown 
in Fig. 8G. 

A poly layer 56 is formed over the structure (e.g. 800 A thick), as shown in Fig. 8H. 
Metalized polysilicon (not shown) can be formed on the upper surface of poly layer 56. A layer 

5 of dielectric material 108 (e.g. BSG, -1000 A) is then formed over poly layer 56, as shown in 
Fig. 81. A BSG etch process is then used to etch BSG 108 down even with oxide layer 52 , 
followed by a poly etch to etch poly layer 56 down even with oxide layer 52 . A CMP 
planarization could alternately be used instead of these BSG and poly etches. An additional poly 
etch is performed to recess the tops of poly layer 56 below the tops of oxide layer 52 and BSG 

10 108, as illustrated in Fig. 8 J. 

A nitride layer 1 10 is next deposited over the structure (e.g. 80Q A), as shown in Fig. 8K. 
A nitride etch follows, using oxide layer 52 as an etch stop, which leaves nitride blocks 1 10 over 
the poly layer 56, as shown in Fig. 8L. Nitride blocks 1 10 are self aligned to the poly layer 56 by 
oxide layer 52 (and oxide block 32) and BSG 108. A BSG etch is then used to remove BSG 

15 blocks 108 from the third trenches 44. The resulting structure is shown in Fig. 8M. 

An anisotropic poly etch is used to remove the exposed portions of poly 56 at the bottom 
of third trenches 44 (i.e. those portions not protected by nitride 1 10, as shown in Fig. 8N. Next, 
nitride is deposited over the structure (e.g. 300 A thick), followed by an anisotropic nitride etch 
(e.g. RIE) that removes the deposited nitride except for nitride spacers 1 12 in third trenches 44, 

20 as illustrated in Fig. 80. 

Suitable ion implantation is made across the entire surface of the structure to form second 
regions 50 (buried bit-line drain regions) in the substrate 10 underneath third trenches 44. 
Outside of third trenches 44, the ions are blocked and have no effect. It should be noted that this 
ion implantation process could be performed at an earlier or a later step in the process. The 

25 resulting structure is shown in Fig. 8P. 

An oxide layer 1 16 is deposited over the structure, which fills third trenches, as shown in 
Fig. 8Q. The top surface of the structure is planarized (e.g. CMP process) using nitride layer 110 
as an etch stop and exposing poly blocks 28, as shown in Fig. 8R. 
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A poly etch process is used to remove poly blocks 28 (using oxide layer 22 as an etch 
stop) to form second trenches 34. A controlled oxide etch (e.g. HF) is used to remove the 
portions of oxide layer 22 exposed at the bottoms of second trenches 34 (using poly layer 14 as 
an etch stop). Another poly etch process is performed to remove portions of poly layer 14 
5 exposed at the bottoms of the second trenches 34 (using oxide layer 12 as an etch stop). Suitable 
ion implantation is then used to form first regions (source regions) 38 in the substrate 10 having 
a conductivity type (e.g. N type) that is different from that of the surrounding substrate (e.g. P 
type). The resulting structure is shown in Fig. 8S. 

An oxide sidewall layer 36 is formed on the exposed ends of poly layer 14 at trenches 34 

10 using a thermal oxidation process, as shown in Fig. 8T. Sidewall spacers 40 are then formed 
against the walls of the second trenches 34 by depositing a thin layer of oxide (e.g. 200 A) over 
the entire structure, followed by an anisotropic etch process (e.g. RIE dry etch), to remove the 
deposited oxide layer except for spacers 40. This oxide etch process also removes the exposed 
portions of oxide layer 12 at the bottom of second trenches 34 to expose the substrate 10, as well 

1 5 as consumes some of oxide layer 52. The resulting structure is shown in Fig. 8U. The second 
trenches 34 are then filled with blocks 120 of metal material in the following manner. A layer of 
TiN material 1 18 is preferably deposited over the structure, followed by the deposition of a thick 
layer of conductive metal such as aluminum or tungsten. Then, a metal planarization step 
follows (e.g. CMP), which etches the metal layer down even with the tops of the second trenches 

20 34, leaving blocks 120 of conductive metal in second trenches 34 and in electrical contact with 
the source regions 38 via TiN 1 18. An optional metal recess etch can be performed to ensure all 
the metal deposited outside of second trenches 34 has been removed. The resulting structure is 
shown in Fig. 8V. 

An oxide layer 114 (e.g. BP TEOS), is used to cover the structure. A masking step is 
25 performed to define etching areas over the drain regions 50. The oxide layers 1 14, 1 16, and 52 
are selectively etched from the etching areas to create contact openings that are ideally centered 
over and significantly wider than the exposed portions of second region 50. The contact 
openings are then filled with conductor metal by metal deposition and planarizing etch-back, 
forming conductor contacts 72. A bit line connector 74 is added to each active region by metal 
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masking over the oxide 1 14 to connect together all the contacts 72 in that active region. The 
final structure is shown in Fig. 8W. 

In addition to the benefits of a horizontally oriented floating gate sharp edge directed 
toward a vertically oriented control gate, SAC alignment of the metal contacts 72, "S" shaped 
5 channel region, and the control gate length being dictated by a poly deposition step, this 
embodiment has the further advantage of forming a source line 38 with a block of metallic 
material attached along its length, thus reducing overall resistance of the source line 38 over its 
length. 

It is to be understood that the present invention is not limited to the embodiments 

1 0 described above and illustrated herein, but encompasses any and all variations falling within the 
scope of the appended claims. For example, third trenches 44 can end up having any shape that 
extends into the substrate, not just the elongated rectangular shape shown in the figures. Also, 
although the foregoing method describes the use of appropriately doped polysilicon as the 
conductive material used to form the memory cells, it should be clear to those having ordinary 

1 5 skill in the art that any appropriate conductive material can be used. In addition, any appropriate 
insulator can be used in place of silicon dioxide or silicon nitride. Moreover, any appropriate 
material whose etch property differs from silicon dioxide (or any insulator) and from polysilicon 
(or any conductor) can be used in place of silicon nitride. Further, as is apparent from the 
claims, not all method steps need be performed in the exact order illustrated or claimed, but 

20 rather in any order that allows the proper formation of the memory cell of the present invention. 
Additionally, the above described invention is shown to be formed in a substrate which is shown 
to be uniformly doped, but it is well known and contemplated by the present invention that 
memory cell elements can be formed in well regions of the substrate too, which are regions that 
are doped to have a different conductivity type compared to other portions of the substrate. 

25 Lastly, single layers of insulating or conductive material could be formed as multiple layers of 
such materials, and vice versa. 
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